Life cycle approach to sustainability assessment: A case study of remanufactured alternators
Background
The alternator is the automotive part with the highest remanufacturing rate [1] . The function of the alternator is to deliver electrical energy to charge the battery and to the on board equipments like light [2] .
Remanufacturing can play an important role as a way to close the material cycles and thereby contribute to less material and energy use [1, [3] [4] [5] [6] [7] , which are the important steps to realise a sustainable development.
However, in a life-cycle perspective, not only the production or remanufacturing phase but also the use stage is needed to be taken into account. In the use stage of engines and generators, energy use, associated emissions and costs are of high concern [8] . Up to now, few studies have looked at the whole life cycle of automotive parts that requires energy in the use phase including remanufacturing of the used parts [9] .
Sustainability encompasses not only the environmental dimension, but also social and economic ones, as it is defined by the Brundtland Commission [10] . Consequently, a methodology to measure sustainability is getting extremely important. The measurement of the environmental dimension of sustainability is the most mature method of the three.
LCA is a standardised method [11, 12] widely used to investigate the potential environmental impacts of products and services through the whole life cycle from cradle to grave [13, 14] . The life cycle approach helps to avoid shifting of burden from one phase to another.
Life cycle costing (LCC) is proposed for the assessment of the economic dimension of sustainability. LCCs have been used since the 1930s [15] ; however, it is a relatively new tool within sustainability assessment. The Society of Environmental Toxicology and Chemistry (SETAC) working group on LCC [16] classifies three types of LCCconventional, environmental and societal LCC and considers the method of environmental LCC [16] currently as the most suitable for combining with LCA [15, 17, 18] .
Social life cycle assessment (SLCA) is the life cycle tool to assess the potential social and socio-economic impacts of the products and their consumption throughout their life cycles [19] .
To combine LCA, environmental life cycle costing (LCC) [16, 20] and SLCA [19] , a methodology called Life Cycle Sustainability Assessment (LCSA) [21] has been suggested and can be formally expressed in the symbolic equation [22] [23] [24] [25] : Based on the well-known depiction of sustainability, where the three dimensions of environment, economy and society intersect, as depicted in Figure 1a , the LCSA can be illustrated synchronously as previously described (Figure 1b) .
Similar to the LCA method, environmental LCC and SLCA are life cycle approaches which have been proven useful to prevent shifting of burden from one process to another in the product life cycle [23] . Despite the long history of conventional life cycle costing, the environmental LCC is a relatively new method in a sustainability context [20] . SLCA is still in its infancy, where one of the current focuses is developing the indicators to be used [22] . This paper presents the results from a multidisciplinary research project applying LCSA on different scenarios for remanufactured alternators -three different countries and three different alternator designs are investigated -and thereby lead contribution to the development of the LCSA methodology. The whole life cycle is considered (for the LCA and the environmental LCC), but the main focus in this paper is on the remanufacturing process. Thereby, the measurements to improve the sustainability of the remanufacturing have been identified. Where data permits, the comparison between the new alternators and the remanufactured ones is performed.
Methods
The life cycle assessment of the three dimensions: environment, economy and society should ideally use the same system boundary and the same reference unit [27] -called the functional unit (FU) -a unit which all the results are related to and which quantify the performance (valuable main output) of the system [11] . The life cycle inventory for a LCA includes all exchanges or flows e.g., materials and energy between the technosphere (economy) and the nature (environment) crossing the system boundary [13, 28] . However, due to the different flows to consider, method maturity and data access of the LCA, LCC and SLCA techniques, the use of the same life cycle inventory is difficult to realise. LCA is a well-known tool standardised in the ISO14040/ 14044 and used to investigate the potential environmental impacts of products and services. LCA is divided into four phases: goal and scope definition, life cycle inventory analysis, life cycle impact assessment and interpretation in an iterative process [11, 12] .
Hunkeler et al. [16] defined environmental LCC as 'An assessment of all costs associated with the life cycle of a product that are directly covered by any one or more of the actors in the product life cycle (e.g., supplier, manufacturer, user or consumer, or EoL actor) with complementary inclusion of externalities that are anticipated to be internalized in the decision-relevant future. (. . .) Environmental LCC has to be accompanied by a life cycle assessment and is a consistent pillar of sustainability.'
This definition is our starting point for the LCC. Since the flows investigated in LCC is of monetary art, all costs have their counterpart in an income. Therefore, the system boundaries and the stakeholder perspective taken, e.g. that of the user, are of importance for the results of the LCC [8] .
SLCA assesses the social impacts on workers, the local communities, the consumers, the society and all other value chain actors affected by the production and consumption of products under consideration [19] . According to the guideline of social LCA [19] (published by United Nations Environment Programme UNEP/SETAC Life Cycle Initiative), a generic SLCA can be implemented as a first step to identify the social hotspots.
The life cycle of the alternator is modelled as shown in Figure 2 and used for the LCA. Starting with the left part of the figure, the production phase consists of raw material extraction, material processing and manufacturing. In the use phase, the alternator generates the necessary electricity for the automobile during its 200,000 km or about 13 years lifetime. Subsequently, the alternator is remanufactured in a mini-factory and placed in a container for worldwide use. Arrows indicates transport; however, at this stage, a detailed logistic system is not in place, such that it is assumed that the transport is the same for all design alternatives.
The remanufactured alternator can be used again as an electrical generator in the vehicle. The use phase is modelled once for Germany only. The remanufactured alternators are applied in the used vehicle already driven some distance. Therefore, the 200,000 km FU may be restricted by the (rest) of the vehicle -as this may be scrapped before driving at 200,000 km with the remanufactured alternator. However, to facilitate the comparison of the new alternators to the remanufactured alternator, the FU of 200,000 km is used also on the remanufactured alternator. The middle part of Figure 2 focuses on the remanufacturing process. In addition to the used alternator, the remanufacturing process needs some new alternator spare parts which are sourced globally. Similar to the new alternator production, raw material extraction and material processing are needed for the new spare parts. The remanufacturing scenario will take place in the container mini-factory equipped with all necessary tools and model to be set in Germany, India or Sierra Leone. The final stage, which is the end of life, is modelled as a part of the remanufacturing phase and includes also those fractions of the used alternators that cannot be used anymore (10% to 100% cf. Table 1 ). The right hand side of Figure 2 names the different life cycle phases.
The perspectives of the remanufacturer and the user (of the remanufactured alternator) are presented for the environmental LCC. Due to the case study's prospective nature and connected limited data access, only the three different potential remanufacturing sites in Germany, India and Sierra Leone are investigated for the SLCA.
Data for the LCA is mainly taken from and modelled in the GaBi 4.0 database [31] , and the characterization factors used was CML2001 [13] (with update in [32]); whereas the environmental LCC is estimated using literature and invited quotations [8] . The data for the SLCA are from the social hotspot database [33, 34] and other international database available online in addition to scientific literature.
Three different design alternatives are investigated by LCA and environmental LCC. The design alternative 1 is a conventional alternator (weight; 6.069 kg) with belt fitting, fan and steel bearings and cast iron housing. Design alternative 2 is a lightweight alternator (4.378 kg) with a plastic fan and aluminium housing. Design alternative 3 is an ultra-lightweight alternator (3.952 kg), where also the belt fitting and bearings are replaced by lightweight parts (aluminium and plastic respectively). Table 1 shows the material, weight, and replacement probability (the likelihood of a part being replaced within the alternator by the remanufacturer) of the different parts of the alternator for each design alternatives. The new materials, weight and replacement probabilities (in alternatives 2 and 3) are best estimates made by the designers. These are highlighted in italics in Table 1 .
Results
First in this section, the environmental dimension is presented; second, the economic dimension; third, the social dimension. The results of the LCSA are summarised at the end of this section by applying the Life Cycle Sustainability Dashboard [35] .
Environmental dimension: LCA of the remanufactured alternator
In this section, the LCA results for all steps of the product life cycle: production, use and remanufacturing are presented. Afterward, the comparison of the three different design alternatives and the different localization options are expressed. Table 1 Alternator parts, materials, weights and replacement probabilities [29] for each of the design alternatives 1-3 The life cycle impact assessment results are pictured in Figure 3 , which show that the use phase plays a dominating role. The exception is that in abiotic depletion potential (ADP), marine aquatic ecotoxicity potential and radioactive radiation (RAD) where the production phase is dominating. Figure 3 also indicates that the remanufacturing causes about 1/8 (12%) of the emissions compared to the production of the new part. The ADP indicator is a measurement of the resources and energy needed and is displayed in two components: ADP elements and ADP fossil fuels. The ADP elements are dominated by the production phase (71%), followed by the remanufacturing phase (24%). The use phase (5.5%) is relatively unimportant in the ADP elements. However, in the ADP fossil fuels, the use phase is totally dominating the overall life cycle result (99%) as expected as the alternator needs energy (taken from the internal combustion motor running on fossil fuel) to work. The ADP elements, which describe the use of mineral resources (e.g. copper) excluding fuels, can be explained further as the results are somehow counter-intuitive. First, the low share of the ADP elements in the use phase is explained by that the consumption during this phase is mainly fuel from abiotic resources (Petrol) and thereby part of the ADP fossil fuel. Second, the remanufacturing requires roughly 1/3 of the ADP element compared to the production (including upstream processes). This relatively high share (compared to the roughly 1/8 of the emissions) can be explained by the copper needed in the remanufacturing to replace the rotor coil (in 22% of the cases) and the slip rings each time (in 100% of the cases). The production of pig iron and primary aluminium contributes to the radioactive radiation. The primary aluminium production is the main cause of marine aquatic ecotoxicity potential, mainly lead, by the emission of hydrogen fluoride to the air [31] . In the use phase, ADP fossil fuels and the global warming potential are dominated by the direct combustion of fuel. For the other impact categories, the use phase dominated due to the upstream processes of the fuel production. Figure 4 shows the LCA results for a complete life cycle (from raw material extraction to use and finally remanufacturing) for design alternative 2 (lightweight) and design alternative 3 (ultra-lightweight) compared to design alternative 1 (conventional alternator). The remanufacturing site shown in Figure 4 is Germany. The conventional alternator has the best performance for all impact categories investigated. This is caused by (a) the conventional parts (e.g., made of cast iron) which have a low replacement probability in contrast to the lightweight parts (e.g., aluminium and plastics) and (b) the upstream environmental impacts of the conventional materials is smaller compared to the lightweight materials. If we observe the remanufacturing process (cf. Figure 2 ), these effects are very clear, as Figure 5 discloses. Figure 5 represents the LCA results for design alternatives 2 (lightweight) and 3 (ultra-lightweight) relative to design alternative 1 (conventional) of remanufactured alternators. Only the remanufacturing process is showed for only one site (Germany). The range of the difference between the lightweight alternatives 2 and 3 and the conventional alternator is from two to eight times, except in the ADP elements where the differences are much smaller (11.3% and 2.5% in favour of the conventional alternator).
For the abiotic depletion impact category, the differences between the three design alternatives are small compared to the other impact categories investigated (factors 2-8 cf. Figure 5 ). This can be explained by the ADP elements that roughly reflect the material use in the different design alternatives. This effect is scaled up as the fossil fuels (ADP fossil fuels) and emissions in the upstream processes needed are taken into account.
Comparison of different localization option (alternator remanufacturing) Figure 6 shows the LCA results for the alternator 1, the conventional one, for the remanufacturing at the three different localizations investigated. The LCA results for the different localization options do not show very much variation compared to the different alternator designs (cf. preceding sections). New spare parts are assumed to be sourced globally. Their upstream processes contribute the largest portion to the LCA results. The electricity use, which is drawn from the national grid in Germany and India (with their respective grid mix of power sources) and produced locally at the remanufacturer by diesel aggregates in Sierra Leone, explains some of the differences.
Economic dimension: LCC
In this section, firstly, the economic dimension from the remanufacturer perspective is presented and then the user perspective. Cost for warranties is the only cost from the remanufacturer perspective that occurs in the use phase. The costs of (new) spare parts and used alternators acquisition are dominating. The differences between the different alternator design alternatives are significant, where alternator 1, the conventional one, has the lowest potential costs. The differences between the location choices are, however, mainly decided by the transport cost, and thereby depended on where the remanufactured alternator is used. Labour costs play a minor role in Germany, and are almost negligible in India and Sierra Leone, as the same as the cost of energy for cleaning used parts and cost for warranties. It was surprising that the labour cost was so less important even in Germany, as the remanufacturing industry is normally considered as being labour intensive [36] . Figure 8 displays the LCC results from the user perspective. The fuel use cost for power production is dominating and is the same for all three alternatives. The largest difference between the design alternatives is found in the cost of repair and maintenance, where the lightweight alternatives 2 and 3 are estimated to need some repair and maintenance during their lifetime. The lightweight material used here are less durable than in the conventional design (alternative 1). The corresponding slightly lower weight-induced fuel use cost for the lightweight alternatives 2 and 3 cannot balance out the higher acquisition cost of these designs compared to the conventional one. This can be explained by the higher cost of the new lightweight spare parts for the remanufacturer (cf. Figure 7) , which is passed on to the user 12.0% India Sierra Leone Figure 6 LCA results for different remanufacturing localizations -India and Sierra Leone relative to Germany (alternative 1, conventional-remanufacturing only).
(plus tax and profit margins). The salvage value is depicted below the x-axis in Figure 8 as this is an income (negative cost) for the user at the end of the lifetime.
Social dimension: SLCA
The main social factors of Sierra Leone and India can be identified by using the Social Hotspots database available [34, 37] For Germany, the Social Hotspots database does not show very high risks for any of the topics covered [34] .
Among these social hotspots, the ones that can be directly affected by a remanufacturing plant are child labour (children aged less than 15 years), salary and gender equity. According to the Social LCA guidelines [38] , we should consider the main affected stakeholder group, which in this case is the workers. The Social LCA guidelines report the main impact subcategories of the workers' group, such as salary, child labour, health and safety and freedom of association, just to mention a few subcategories. Data collection on the working conditions should be carried out, and primary data about the previous indicators should be collected from the three remanufacturing mini-factories. Because the three remanufacturing mini-factories are not in place yet and the focus of this work is the assessment of the three scenarios, we mainly identify their potential positive and negative impacts.
Child labour is about 48% (2005) [39] in Sierra Leone and about 12% (2005, 2006) in India [40] . Child labour is not an issue in Germany, which has ratified the ILO 'Minimum Age Convention' [41] that legally prohibits child labour. In relation to women discrimination, some data are reported in Table 2 . The newest data for Sierra Leone existing is from 2001 [42] . To facilitate a better comparison between the countries, 2001 data from Germany and India were also shown in the table. An increase in the values for India can be recognised; for example, the ratio of female to male secondary enrolment increased to 88% in 2007. The values for Germany are stable on a high level [42] .
The population living under US$2/day is about 76.1% in Sierra Leone [43] and 75.6% in India [43] (also in this case, it is not an issue for Germany). Therefore, it is important to consider the worker salary or in this case, the minimum wage. In Germany, there is no general statutory law on the minimum wage. However, labour organisations are relatively strong in the German remanufacturing sector and wages are according to the general tariff negotiated between the employer and employee organisations. In the LCC estimations, 24.50 €/h as cost for employers during the remanufacturing has been used [44] , but this number includes all social costs which are relatively high in Germany.
In India, wages in the remanufacturing sector have been estimated based on some available databases [45, 46] to be about 1.54 €/h in 2006. However, the trend in Indian wages shows a relatively rapid growing trend [45] . The national minimum wage floor has been risen from 80 INR (Indian rupees, about 1.42 €) in 2007 to 100 INR (about 1.48 €) in 2009, but the actual minimum wages are set regionally [47] . For example, in the automobile repair section of the Maharashtra region, the total minimum wage for a semi-skilled worker was 5,813.60 INR per month [48] 
or about 2.30 €/h (March 2011).
Sierra Leone is one of the poorest countries in the world, and the wages are generally low. There is a statutory minimum wage in Sierra Leone of 25,000 leones per month (less than 1 Euro), too low to secure a decent living [49] . In the remanufacturing sector, the average wage is about 4 million Le [50] (about 1,000 Euro) per year and equals an hourly rate of about 0.50 €/h. This wage includes 13.65% social contribution [50] . Table 3 summarises the social factors for Germany, India and Sierra Leone.
An implementation of Life Cycle Sustainability Dashboard
To summarise and present the previous results from the LCSA in a consistent way to the decision makers, we use the Life Cycle Sustainability Dashboard (LCSD). The LCSD is a spreadsheet tool and a specific application of the Dashboard of Sustainability and is used to compare different products or scenarios [22] . The LCSD uses a colour scale ranging from red (bad) via yellow (intermediate) to green (good) to present the comparison of the results of the three dimensions of sustainability [51] . Figure 9 shows a screenshot of the sustainability dashboard for the three different alternator designs remanufactured in Germany.
As indicated from Figure 9 , alternator 1 is the best design alternative, showing the best performance in the LCA and also showed good results for the LCC. The SLCA in Figure 9 for all alternatives are the same, as we only assess the social dimension for the different location choices, but not for different design alternatives.
Discussion
The results are dependent on the underlying assumptions and data. In this study the replacement probabilities for the different parts of the alternator are of major importance. These are collected from the different remanufacturer in the greater Berlin region (Berlin-Brandenburg) by another member of the larger research project in which this paper is a part. As the underlying replacement probabilities data are not collected by the authors of this paper, it has not been possible to investigate the range of this data. Furthermore, to which degree the data from the Berlin region represent Germany without having the data from the rest of Germany is difficult to judge. But as remanufactured alternators and cores are frequently shipped throughout Germany, the replacement probabilities used are assumed not to differ very much from the German average. This may also be the case where used alternators from Germany are shipped to India and Sierra Leone for remanufacturing there. However, for the Indian and Sierra Leone location, the replacement probability may be very well different if the used cores are locally or globally sourced. It has not been part of the scope of this research to investigate the replacement probabilities for alternator parts in these countries. Therefore, the results presented on the different design alternatives in this study are focused on the German location only. Furthermore, the Proportion of seats held by women in national parliaments 31 9 9 replacement probability for the lightweight parts is an expert estimate from the design team involved in the research reported here. As these are new designs, actual statistics from the remanufacturing of such parts is very limited. Further research should focus on the better numbers for the replacement probabilities, and especially for the lightweight parts, as this will increase the reliability of the results. The main environmental (and economic) impacts are from the use phase, when the alternator delivers electricity for the battery and on board electronic devices. This result heavily relies upon the efficiency of the motor to transform chemical energy in the diesel/petrol to rotational energy and the alternator itself to transform rotation energy from the motor to electric energy. While the motor efficiency is well-documented, the average efficiency is heavily dependent on different factors like speed, load and operating conditions [52] . To find reliable data on the alternator efficiency was, however, not that easy. The assumed average used in this study is 55% alternator efficiency based on [52] . This is the same number and source used in a master thesis of modelling remanufactured automotive alternators -however, it was not used in cars but in small wind turbines [53] . Bosch, a large manufacturer (and remanufacturer) of alternators, publishes an edition of know-how for automobiles. In this book, Meyer [2] lists a maximum alternator efficiency of 65%; he noted, however, that the mean efficiency is between 55% and 60%. A minimum efficiency is not given [2] . In other older literature, the alternator efficiency is reported to be between 40% and 64% [54] such that our choice of 55% alternator efficiency seems reasonable. Note also in this respect that our basic assumption is that the remanufactured alternators are as good as new ones (which is close to the definition of remanufacturing -see e.g. [55] ) such that the energy transformation efficiency is the same.
A finding in this study is that the much favoured lightweight strategy is not necessarily fruitful when the life cycle of the automotive part like the alternator is taken into account. In our LCA and LCC studies of three different designs for remanufactured alternators, the conventional (heavy) alternator scores are better than both the lightweight (alternative 2) and the ultra lightweight ones (alternative 3). The use phase is dominating the life cycle environmental impact of the remanufactured alternator. This is not surprising for a product requiring energy in the use phase. When comparing the different Figure 9 Life cycle sustainability assessment for the three different alternator designs remanufactured in Germany. design alternatives, however, the heaviest alternative, the conventional alternator, is the best option from an environmental and economic life cycle perspective. Our starting point for the analysis is that the three different design alternatives have the same performance (e.g. energy conversion efficiency) in the use phase. Therefore, the major share (i.e. for the electricity production) of the environmental and economic cost in the use phase is the same for all design alternatives. On the other side, the lightweight alternatives save some fuel in the use phase compared to the conventional heavier alternator due to the lighter weight. However, in a life cycle perspective, the saved energy in the use phase due to the lightweight materials is not enough to compensate for the increased life cycle environmental impact of the increased probability for changing this part (and replace with new spare parts) in the remanufacturing phase. For example, the iron cast housing in the conventional alternator needs to be replaced in 15% of the cores, while a lightweight aluminium housing needs to be replaced in 40% of the cores (cf. Table 1 ).
As discussed above, the weight-induced fuel use (cf. the costs in Figure 8 ) is relatively small in our study compared to the overall picture. Thus, the weight advantage during the use phase of the lightweight alternatives is not able to offset the higher impact of these alternators and parts (lightweight spare parts which are more frequently need to be replaced during the remanufacturing). In this regard, a curiosity occurs; if the alternators are used in Germany and shipped to India and Sierra Leone for remanufacturing and back again for further use in Germany, the economic and environmental costs for the oversea transport may be lower for the lightweight alternatives. However, in the present study, we have assumed that the transportation costs are the same for all design alternatives. A more precise estimate of the oversea shipping costs requires a more detailed logistic planning which we leave for further research.
The LCC results show that the costs for new spare parts are higher than a complete used alternator. Hence, an option to reduce the potential cost is to buy a used alternator. However, one of the main challenges in the remanufacturing industry is the difficulty of getting access to used alternators [56] , so we have assumed that the future supply of used alternators will be limited. Also typically, the parts that need to be exchanged are the same for all used alternators. Thus, used alternators for serving spare parts are not considered as a valid option. This assumption also influences the LCA results.
The SLCA shows that exporting the working conditions standard from Germany to India and Sierra Leone could improve the situation for child labour, gender equity and poverty in these two countries. Child labour should not be tolerated in any considered remanufacturing scenario. This means a potential positive impact by the reduction of child labour in Sierra Leone and India, but without impact in Germany. While a ban of child labour for a new remanufacturing plant sounds reasonable, this may not be the case for existing child workers, where the alternatives for child performing labour has to be taken into account. A fruitful option to impede the child labour throughout the value chain can be to cooperate with fair trade non-governmental organisations. They often have experience from less-developed countries and can cooperate with local authorities and organisations to promote educational activities.
For the better balance between the genders, it is clear from Table 2 that further efforts have to be paid in Sierra Leone to reduce the difference between men and women. In this direction, the remanufacturing minifactory should be designed in a way such that women can also be employed. The poverty (here, measured on the ratio of the population living under US$2 a day) is extremely high not only in Sierra Leone but also in India. To place the remanufacturing plant there and pay the workers a decent salary (the minimum wage in Sierra Leone is not enough for living) could make a small contribution to the right direction.
The emphasis on the life cycle is important also for the remanufacturer. The use phase and the upstream processes of the production of (new) spare parts contribute an essential part to the LCA and LCC results. This may also be vital to the SLCA, but here further data collection and research are still necessarily required.
Ideally, the same life cycle inventory (LCI) should be used for LCA, LCC and SLCA: 'The best solution would be the use of one identical LCI for all three components' (p. 90 in [27] ). However, in this respect, it is worth to note that the inventory consists of the different types of data: for LCA typically, physical inputs and outputs; for LCC monetary flows and for SLCA, e.g., the social factors for the stakeholders. In addition, the life cycle phases of interest do not completely overlap for the three dimensions. For example, the remanufacturer perspective also includes the cost of warranties which belongs to the use phase. Therefore, some adjustment of the life cycle inventory is needed to fit the different life cycle techniques.
As the LCA and LCC results show, the most preferred environmental-friendly alternative also equipped the best cost efficiency, both from the remanufacturer and user perspectives. This case study shows that involved stakeholders can protect the environment and reduce the cost at the same time. Due to the predictive art of this study, limited data access and immature methodology, it has not been possible to clearly distinguish the three different designs alternatives regarding the SLCA.
Even though the primary aim of the study is to compare the different alternator designs and remanufacturing sites, some findings for the LCA and LCC regarding the difference between new alternators and remanufactured alternators are possible to be drawn. By comparing the life cycle stages raw material extraction, material processing and manufacturing of the alternator production (cf. upper left part in Figure 2 ) with the remanufacturing process (middle part of Figure 2) , some findings are possible to reveal. We have shown in Figure 3 that the remanufacturing only need a fraction of the inputs (ADP elements and ADP fossil fuels) and only cause minimal emissions compared to the production of a new alternator. However, except in the ADP elements and RAD impact categories, the use phase is dominating under our assumption that the performance of the remanufactured alternator in the use phase is the same or better than a new alternator. This finding also holds for the LCC. Thus, our findings are in line with the study of Liu et al. [57] who found that the use of energy for remanufacturing of an engine motor is 10.22% compared to producing a new engine [57] . Therefore, the investigation of the performance of remanufactured alternators compared to new alternators in the use phase is extremely important. However, such an investigation requires more data [58, 59] on the performance and the driving distance of new and remanufactured alternators. We leave this question for further research.
With the increasing use of start/stop motor and hybrid vehicle, in addition to fully electrified drive train in modern automotives, the use of conventional alternators (in addition to the starters) are increasingly replaced by electro-motors. This calls for attention especially for remanufacturing companies specialised in remanufacturing alternators and starters. Where used automobiles are increasingly equipped without alternators and starters, changes both from the supply and the demand side are required. A shift towards remanufacturing of electromotors instead of alternators and starters could be an option.
As the energy efficiency of products (in the use phase) is improving, the reuse of materials is becoming relatively more important than the energy use and associated emissions. In the LCA, this means a shift from impact categories dominated by energy use to which categories that material use dominates. At the same time, when the energy use is decreasing (with its environmental and economic costs), the other dimension of sustainability, the social aspect which is measured with SLCA, is becoming more important for the life cycle sustainability impacts.
Conclusions
By applying LCA, LCC and SLCA, we have been able to quantify some indicators for the life cycle sustainability of the three different remanufactured alternators and remanufacturing localization options. While environmental LCA is widely used and the result for the environmental dimension of sustainability is relatively easily to interpret, the (environmental) LCC and SLCA still need further development.
The advanced development of the (environmental) LCC should focus on its relationship to sustainable development such as the links to wage: All monetary flows from one perspective (a cost) have a corresponding receiver (an income) from the other perspective. The further development of the SLCA should focus on case studies, where the complete life cycle and the suitable indicators are investigated. In this study, we have chosen to investigate child work, fair wages and gender equity out of more than 200 indicators available [60] for the remanufacturing phase only. Base line indicators suitable for comparison between product alternatives and (on a later stage) different SLCA studies should be agreed upon. This could bring better transparency to the results of SLCA studies. Important measures to improve the sustainability of the remanufacturing process seen from a life cycle perspective include the following: (a) to make sure the energy efficiency of the remanufactured part are like new or even better than the new part (this is important as the use phase dominates from an environmental and economic point of view), (b) to place the remanufacturing mini-plant in India or Sierra Leone while exporting German labour standards (this could improve the results for the social dimension of LCSA), and (c) to consider that lightweight parts are not necessarily better. In our case study, the conventional alternator is performing the best for the LCA and LCC. The conventional (heavy) parts are not replaced so often such that their life cycle environmental and economic performances are better. This implies that life cycle thinking is necessary in the decision process.
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